Abstract: This paper proposes a compact planar optofluidic optical cross-connect (OXC) switch based on electro-optic (EO) waveguides in nematic liquid crystal (NLC). In the crossbar fabric, each unit cell of the proposed device consists of two portions: the NLC EO waveguides for 1 × 2 switching and the fixed NLC-core waveguides to support subsequent beam paths of the lead-in/lead-out process or the bending process. With numerical simulations, a sample design of 8 × 8 OXC is analyzed and optimized, which provides the predicted broadband performance as approximately 8.0 dB maximum on-chip insertion loss, -45.9 dB cross-talk and 16 ms switching time in the footprint of 2 mm × 2 mm. The loss reduction and the switching speed-up issues are also discussed, with the expected 5.5 dB maximum on-chip insertion loss and 1 ms switching time. The proposed OXC switch is new in the working principle using both electric-field reconfigurable NLC waveguides and fixed NLCcore waveguides, and can leverage the liquid-crystal on silicon fabrication. It is potential for optical circuit switching in the small-scale data centers, or protection switching in optical communication networks.
Optofluidic Planar Optical Cross-Connect Using Nematic Liquid-Crystal Waveguides
Introduction
The rapid development of Internet applications such as mobile communication, high-definition video and cloud-based computing [1] has urged an explosive rise of data traffic, which demands more data centers with larger capacity and faster processing. Many research efforts have been devoted to incorporating optical cross-connect (OXC) into future data centers [1] - [3] to avoid the optical-electronic-optical (OEO) conversion, which has long been the bottleneck of data communications [4] .
A variety of OXC techniques for data centers and optical communication have been proposed and developed, including free-space OXCs based on micro-electro-mechanical systems (MEMS) [5] and liquid crystal on silicon (LCoS) [6] , semiconductor optical amplifier (SOA) based optical switches [7] , silicon optical switches [8] , MEMS silicon photonics switches [9] , and so on. Fast optical packet switching is constantly under exploration [10] , [11] , but most of the practical techniques are still based on optical circuit switching with relatively slow switching ranging from several microseconds to tens of milliseconds [1] - [11] . In general, the free-space OXCs support large port amount but suffer from bulk size and complicated optical alignment. The silicon optical switch with the switchand-selector architecture [8] provides a solution of 8 × 8 ports, low loss and compact size, but it has the difficulty in scaling up for more ports. The MEMS silicon photonic switch supports a monolithic integration with 50 × 50 ports and around 24 dB maximum optical loss [9] . However, the MEMS devices generally require strict control of environment factors (such as temperature and humidity) to maintain the robustness and durability [12] . In contrast, the LCoS switches usually have good scalability and high robustness, thanks to no moving mechanical parts [13] . The SOA-based switch can provide fast response and easy integration, but often consumes more power in the current-driven scheme [10] .
The development on optofluidic OXC can date back to 1990s, with the report of bubble-type OXC based on air-bubble controlled planar-silica-waveguide cross-points [4] . An optofluidic switch was also proposed in recent year [14] which is based on the micro-ring resonator driven by digital microfluidics, though with limited working bandwidth. As for special working material of liquid crystal (LC), the nematic liquid crystal (NLC) device was reported using tunable total-internal reflection (TIR) interfaces in the NLC trenches [4] . However, the requirement of high surface quality in the trench and the limited refractive index (RI) contrast pose critical limitations to practical TIR NLC devices. As a member of the family of field-induced waveguide (FIG) [15] , the electro-optic (EO) waveguides remain under exploration by using NLC in recent years [16] - [19] . For instance, the multimode NLC waveguide and the corresponding 1 × 2 switching were experimentally studied using the LC layer of 30 μm thick and the patterned alignment in assembly [16] . The isotropic/paranematic phase LC waveguides were proposed and fabricated [17] - [19] for the applications of optical switches [17] , optical variable attenuators [18] and beam splitters [19] . Although the isotropic phase LCs can be used in the EO waveguides to shorten the switching time to the order of microseconds, their small EO coefficient results in high driving voltage and large footprint as compared to the NLC devices [20] , making it generally difficult to realize integrated OXCs. The low-loss NLC-core waveguides have been experimentally studied in recent years [21] - [23] , though limited to the main application as tunable attenuators. The distributed feedback gratings [24] and the plasmonic optical switches [25] using the NLC waveguides were also proposed and analyzed recently. There is still plenty of room to design compact planar OXCs based on the NLC.
In this paper, a planar optofluidic OXC solution will be presented and analyzed based on NLC waveguides (named as NLC-OXC). The NLC-OXC consists of an array of planar unit cells that are connected and switched by the NLC EO waveguides and the fixed NLC-core waveguides, which is different from the previous reported devices [16] , [17] where only LC EO waveguides are applied. With the fixed NLC-core waveguides, the NLC-OXC can support low-loss 90-degree bending with small radius (∼100 μm), and thus allows better integration and performance in an array of switching units. By leveraging the LCoS fabrication technique, it can further combine the advantages in the compactness of planar waveguide, the robustness of LCoS, and the requirement of low driving voltage due to the use of NLC.
Concept and Scheme
The scheme of NLC-OXC is presented in Fig. 1(a) , using a 3 × 3 array as the example for easy illustration. It is noted that this scheme is not limited to 3 × 3 array but can be used generally for more port counts. The light beams are injected into the input ports (e.g., I1, I2 and I3 in Fig. 1(a) ). They are then switched and delivered separately to the output ports (e.g., O1, O2 and O3 in Fig. 1(a) ). In each unit cell, the light beams (the red lines in Fig. 1(a) ) can be either conveyed forward, or bended into the perpendicular direction.
As shown in Fig. 1(b) , the unit cell consists of three functional layers, the top cladding layer, the chamber layer and the bottom cladding layer. The top cladding layer is coated with a thin metal (or transparent conductive oxide) layer and acts also as the common electrical ground in addition to the optical cladding function in the vertical direction. The chamber layer is made of polymer and has patterned chambers and channels for the filling of NLC. The bottom cladding layer is patterned with metal electrodes, which can work under high voltage to drive the rotation of NLC. 1(c) shows more details of the chamber layer, each unit cell can be divided into two portions along the direction of light propagation, including the NLC-core waveguide element (I, and III in Fig. 1(c) ) and the 1 × 2 switching element (II in Fig. 1(c) ). The NLC-core waveguides provide the fixed light propagation paths while the 1 × 2 switching element is the key component to select the propagation direction. For the NLC-core waveguides, the channels are surrounded by polymer. The filled NLC driven by an operating voltage forms the waveguide core, while the polymer with a lower RI acts as the cladding. In contrast, the 1 × 2 switching element is composed of the NLC only, and the EO waveguides are turned on/off by applying the high/zero operating voltage to the corresponding electrodes on the bottom cladding layers.
It is important to combine both the NLC EO waveguides and the fixed NLC-core waveguides in the proposed design. The NLC EO waveguide can provide configurability under electric field with simple structure. However, in the case of waveguide bending, it also suffers from unbearable light leakage even for large radius up to ∼mm [16] . It is a fundamental defect, since the unavoidable fringing effect [26] induce the gradient variation of NLC directors at the bending's inner and outer boundaries, and the propagating light is polarization-rotated when it strikes at the boundaries. The shift of mode field towards the outer edge [27] further strengthens this kind of leakage. Especially when there is a large-angle bending (e.g., 90°bending), almost all the light power escapes in the form of the other polarizations, and the small-radius (<1 mm) bends are generally precluded. If the isotropic phase LC waveguide is applied instead, such strong light leakage can be totally removed in principle, but at the cost of large footprint because of the low RI contrast [17] . As a solution, the fixed NLC-core waveguides are implemented to support 90-degree bending instead of the NLC EO waveguides.
The three processes for the light propagation are then shown in Fig. 2 , including the lead-in process (red in Fig. 2(a) ), the lead-out process (green in Fig. 2(a) ) and the bending process (red in Fig. 2(b) ). In the lead-in process, the light propagates from the previous unit cell (e.g., part I in Fig. 1(c) ) to the current one (e.g., part III in Fig. 1(c) )) through the 1 × 2 switching element. In the lead-out process, the light stays in the NLC-core waveguides and propagates downward to the output port, encountering several waveguide crossings. Similarly, the bending process is realized by connecting the lead-in waveguide and the 90-degree bending through 1 × 2 switching. In terms of the unit cell's working states, the lead-in process and the lead-out process correspond to the bar state and can be obtained at the same time, whereas the bending process corresponds to the cross state. These enable the non-blocking switching of each unit cell and thus the whole OXC device.
Device Design
The design of the sample device is presented in this section, which mainly covers the layered structure, the patterned electrodes, the channel structures, and also the material choices.
The transverse cross-section view of the layered structure is illustrated in Fig. 3 , showing seven layers in total. Similar to the LCoS [29] , [30] , the bottom layer of the NLC-OXC is the CMOS layer deposited on the silicon substrate. A patterned electrode layer is further fabricated on the CMOS layer, with aluminum wires buried in the SiO 2 insulator for electrical connections in the vertical direction. In addition, a wiring shield is formed around the electrical vias to improve the electrical performance. The chamber layer for the NLC is directly sandwiched by alignment layers on both sides. As mentioned above, the chamber layer is patterned in the NLC-core waveguide element and is open in the region of 1 × 2 switching element. In the sample design, the NLC is chosen to use E7 by Merck [24] . The planar alignment [28] is realized by anchoring the NLC on the SiO x surface [31] , [32] . The SiO x thin film can be fabricated by the thermal evaporation method [32] , without the need for rubbing process. By controlling the evaporation direction, the NLC molecules are pre-aligned to make their directors parallel to the Y direction everywhere as shown in Fig. 3 .
The thickness of both alignment layers is 100 nm [31] . The thickness of the electrodes is designed to be 100 nm as well. In Fig. 3 , the NLC chamber thickness T L C is the critical parameter since it determines the waveguide modes, the switching speed of NLC and the required driving voltage. Because of the gradient index property in NLC waveguide, the CMOS layer has little influence on the light propagation and is thus neglected, with only the topmost electrode pads considered in the following design and analysis. In the specific example, the designs of the NLC-core waveguide structures and the patterned electrodes are further depicted in Figs. 4 and 5, respectively. The pattern of the polymer channel (the blue one in Fig. 4 ) defines the beam path in the NLC-core waveguide portion. Waveguide tapers [33] are used to connect the EO waveguides and the NLC-core waveguides, or the narrow waveguides and the wide ones in the NLC-core waveguide element. The narrow waveguides with the width of 1 μm are applied to reshape the mode field to the fundamental mode, or to maintain it at the waveguide bends. Wider waveguides with the width of 5μm at the crossing are implemented to reduce the crossing loss [8] , [33] . The radius for the large-angle bending is 50 μm. The main structure parameters for the NLC-core waveguide pattern are summarized in Table 1 .
As shown in Fig. 5 (a), the overall electrode pattern covers the portions of both the 1 × 2 switching element and the NLC-core waveguide. The black dash box indicates the electrodes for one unit cell, and those outside the box belong to the adjacent unit cells. From the function's point view, the overall electrode pattern can be divided into two branches, one for the lead-in/lead-out process and the other for the bending process. The electrodes covering the NLC-core waveguide are wider than the polymer channel, with the width (W N L C in Fig. 5(a) ) as 8 μm. The gap between the electrodes in the adjacent unit cells is 0.5 μm (with consideration of the 0.35 μm CMOS technology [30] , [34] ). It is noted that the electrode gap on the right-bottom side is located near the end of the waveguide taper, with the position between the ends of 90-degree bending electrode and the narrow NLC-core waveguide (Fig. 4 ). An electrode gap (W g in Fig. 5(a) ) of 2 μm is used at the location of 90-degree bending electrode for electrical isolation.
As for switching, one of the two branches is turned on by applying the operating voltage (5 V) to the corresponding electrode while the other one is turned off by applying 0 V, whose ports are denoted by V s1 and V s2 in Fig. 5(a) , respectively. The 90-degree bending electrode is constantly driven by the operating voltage of 5V (port with V cc in Fig. 5(a) ). The electrode pattern for the 1 × 2 switching element is further depicted in Fig. 5(b) , and it can be seen that the driving electrodes is symmetric and composed of three branches. Each of the bending branches consists of two arcs, which have the same bending radius and are tangential to each other at the junction.
The important structural parameters of the electrode pattern include the bending radius R, the bending angle α, the gap G b between the bending branches, the gap G s between the bending branches and the straight branch, the width W b of each bending branch, and the width W s of straight branch. For simplification, here we take G b = G s and W s = 2W b + G b . The major design parameters are summarized in Table 2 .
In order to keep the NLC at nematic phase, it is essential to control the working temperature of the device below 25°C [20] . The driving voltage is 5 V alternative-current (AC) sinusoidal wave with the frequency of 1 kHz in order to counteract the ion transport [35] , and to eliminate the electrolyzing effects and the possible electro-hydrodynamics (EHD) instabilities [16] . 
Numerical Simulations and Analyses

Simulations Method
Numerical simulations are conducted to evaluate the sample design's light propagation and loss performance by the bottom-up method for approximation [27] .
In the simulations, the configuration of the NLC (the orientation angles θ and φ of the directors) is firstly calculated using the weak-form partial differential equation (PDE) solver in COMSOL. Based on the calculated NLC director and the corresponding permittivity distribution, the light field propagation is then simulated by using COMSOL or FDTD (Lumerical FDTD Solution). Particularly, the calculation of NLC configuration is based on the Oseen-Frank continuum elastic theory [20] , [24] , and the minimization of the total free energy. Besides the free-energy minimization, it is also essential to consider the coupling between the electric field and the NLC director configuration [33] , which is resolved by an iteration scheme of segregated electric field -NLC director calculations.
For the materials involved in the sample device, their main properties are summarized in Table 3 . As an approximation, the permittivity of the alignment layer (SiO x ) is assumed to be the same as SiO 2 . As for the polymer in NLC-core waveguide element, the permittivity is assumed as isotropic (ε ⊥ ) for both the low frequency and the optical frequency. In the simulations using the FDTD solution, the RI models of aluminum and SiO 2 are taken from Palik [40] . The default central wavelength is chosen as 1550 nm through the simulations.
The loss performance is divided into two factors including the absorption loss (from the electrodes) and the propagation loss (from the waveguide). Both of them are evaluated from 2D simulations, considering the transverse cross-section (XZ plane in Fig. 3) , and the lateral cross-section (XY plane in Fig. 4) , respectively. For the absorption loss, both the NLC configuration and the light propagation are calculated through 2D model, and both the NLC EO waveguide and the NLC-core waveguide are considered. In contrast, the NLC calculations are performed in 3D model for more accurate propagation loss evaluation. The light propagation is firstly simulated in 1 × 2 switching element, and then the more complicated single unit cell.
Simulations on Transverse Cross-Section (XZ Plane)
4.2.1 NLC EO Waveguide: As for NLC EO waveguide, the 2D model is sketched in Fig. 6(a) , with the definition of the electrode width W E . The CMOS layer is neglected for simplification, and the operating voltage is directly applied to the driving electrodes.
In the simulations, the typical electrode width W E of 1 μm is considered (see bending branch width in Table 2 ). The fundamental mode field (Z polarization component) is presented in Fig. 6(b) . It is seen that the electrode with a finite width confines the electric field and thus the mode field in the X direction. The effective RI of the fundamental mode is 1.669198 − i5.05284 × 10 −5 , and the corresponding absorption loss is thus 1.8 dB/mm. For the other three high-order modes, their absorption losses are found to be several orders higher than that of the fundamental mode, and they are quickly attenuated during the propagation.
It is noted that the fundamental mode field is not purely Z polarized (black arrows in Fig. 6 (b) indicating the polarization). The polarization perturbation at the boundary degrades the confinement of the waveguide, especially at the sharp bend.
NLC-Core Waveguide:
Similarly, the absorption loss in NLC-core waveguide is estimated. In the NLC-core waveguide, the NLC inside the channels is driven by a constant operating voltage, and the polymer always serves the cladding (see part III in Fig. 1(c) or Fig. 4) . The electrodes in this portion cover the whole channels. From the simulations, the absoprtion loss is about 0.8 dB/mm for the channel width W C of 5 μm, and it becomes 1.2 dB/mm for W C = 1 μm. It is found that the variation in permittivity of the polymer has a mild effect on the absorption loss and is thus can be neglected.
The 1 × 2 Switching Element
The 1 × 2 switching element is the key part for switching function, and its performance will be simulated and analyzed, with the layered structure in Fig. 3 , the electrode pattern in Fig. 5 , and the major design parameters listed in Table 2 . The origin (with X = 0 and Y = 0) is chosen at the center of the first arc in the upper bending branch (see Fig. 7 ).
For the considered operation, the straight branch and one of the bending branches are applied with high operating voltage (5 V as aforementioned), while the other bending branch is under zero operating voltage. The results for the other switching path can be directly inferred based on the structure symmetry.
3D NLC Director Configuration:
At the first step, the 3D NLC director configuration under certain electric control is calculated. The NLC is commonly modeled as the composite of rod-like molecule, and the NLC E7 in the NLC-OXC is uniaxial [20] , [24] . The orientation of the molecule director n can be defined in the cylindrical coordinate, by the tilt angle θ (between n and the Z-axis) and the twist angle ϕ (in the plane perpendicular to the Z-axis).
The 3D distribution of the orientation angles θ and φ are presented in Fig. 7 (a) and (b), respectively. The particular cross-sectional views are shown, including the XY cross-section locating at Z = 0, and the XZ cross-section at a typical Y position (indicated by the dash line).
As seen from the XY cross-section views, the NLC directors are reoriented in the region of high-voltage electrodes, and remain pre-aligned in the other portions. The NLC directors between the gap of straight branch and the selected bending branch are also reoriented, thanks to the fringing-field effect. Consequently, the width of NLC reorientation region changes smoothly at the junction, though the straight branch is twice wider than the bending one.
From the XZ cross-section views, it is further seen that the NLC directors have a gradient distribution. The orientation angle φ has an anti-symmetric gradient distribution, which is mainly due to the X component of electric field at the edge of the electrodes. There is no abrupt change of φ, which varies gradually as −π/2 → 0 → −π/2 → − π → −π/2, from left to right along the X direction. It implies the stable distribution of the NLC.
3D Light Propagation Simulations:
The light propagation is then calculated and verified by the 3D simulations using the FDTD solutions.
The light source used in the simulations is the same as the straight NLC-core waveguide in the lead-in (see part I in Fig. 1(c) ), with the width W i = 5 μm (the same as W C in Table 1 ). The light fields (Z-polarization component) at the input and output locations are presented in Fig. 8(a) and (b), while the propagation light field (Z-polarization component) in the central cut plane of the NLC chamber is presented in Fig. 8(c) . The input location is 2 μm from the source, and the output location is Y = 74 μm, which helps achieve stable computation at the sacrifice of a little bit of accuracy. Comparing the output mode field to the input one, it is seen there is distortion at the upper-right corner, mainly due to the asymmetric bend structure.
The propagation loss is evaluated by comparing the powers of the input and the output light fields. Within the bucket centered at X = 207.177 μm and of width 4 μm, the power of Z-polarization light field at the output location is about 0.88 of the power of light field in the cross-section at the input location. The total power of light field across the cross-section is around 0.93, which implies that the power proportion of the Z-polarization component is approximately 0.95. It is noted that the calculation accuracy is also limited by the meshing density under the available memory.
In the device design and optimization phase, it provides higher efficiency to perform a 2D light propagation simulation instead of the direct 3D one. The light propagation is also calculated in the 2D lateral cross-section (XY plane). The propagation light fields of the three polarization components are mapped, which are consistent with the above 3D simulations (not shown here for the succinct illustrations). It can be observed that there is a transfer between the Z polarization and the other two polarization components, and vice versa. It is thus possible to find out an optimal output position, balancing the trade-offs among the Z polarization proportion, the propagation loss (propagation length), and the channel cross-talk (output ports' separation). By quickly sweeping the structural parameters (e.g., bending radius R and bending angle α) in the 2D simulation process, it is found that the optimal output position locates at Y = 75 μm.
At this position with Y = 75 μm, the Z polarization component of mode field is shown in Fig. 9 . For comparison, the mode field at the input position is also presented. It can be seen that the mode field is close to the fundamental mode in shape, but has two small side-lobes. The output power is found to be about 0.93 of the input power. The output mode field is compressed in the X direction, and its peak intensity is larger than the input one's. The center of the output mode is at about X = 207 μm, which is 9 μm away from the center of the input mode (X = 216 μm). The light goes to the direction opposite to the non-triggered bending branch. There is almost no overlap between the output mode fields at different branches. The consistency between the 3D and the 2D simulations is thus confirmed.
Single Unit Cell
The single unit cell is evaluated in the further simulations. The propagation loss is characterized for the three propagation processes, the lead-in, the bending and the lead-out process. The light propagation is calculated in the 2D model (XY plane).
The propagation fields (Z polarization component) for each of the processes are presented in Fig. 10 . As for either the lead-in process ( Fig. 10(a) ) or the bending process ( Fig. 10(b) ), the input light is injected from the lead-in waveguide in the previous unit. The light goes through the 1 × 2 switching element and is then routed to the port corresponding to the lead-in or the bending waveguide in the NLC-core waveguide element. It is noted that in Fig. 10(b) the light propagation through the 1 × 2 switching element is only partially shown. As for the lead-out process (Fig. 10(c) ), the input light is injected from NLC-core waveguide of the upward unit cell. For each process, the input mode field is assumed as the perfect fundamental mode.
From Fig. 10(a) , it can be seen that the narrow waveguide is important to keep the mode field nearly a fundamental mode and to achieve a low loss. Similarly, the narrow waveguide is applied in the bending process. The tapers with asymmetric structure are used at the outputs of 1 × 2 switching element, which not only collect the light as much as possible but also reshape the wide mode field into a narrow one with small distortion. As for the lead-out process and the bending process, the Y junction with special geometry is designed to combine the input light from different ports into the same output. The mode fields (Z polarization component) for the three propagation states at the corresponding input/output ports are also plotted in Fig. 11 . For easy comparison to the previous simulations, the mode field at the output position of 1 × 2 switching element (named as LC Output) is also shown in Fig. 11(a) . It can be seen that the output mode fields are approximately fundamental mode for the three processes. It is noted that the slight distortion can be well corrected with an additional S-shape bending, which is not shown here. With large radius and small angle, the induced propagation loss TABLE 4 The Loss Components of the Proposed Design (@1550 nm) from the S-shape bending can be low enough and neglected. From Fig. 11(b) , it can be seen that the center of the mode field is aligned to the input mode field, in both the lead-out process and the bending process.
At the 1550 nm wavelength, the propagation losses are around −0.45 dB, −0.51 dB, and −0.15 dB for the lead-in, the bending and the lead-out process, respectively. The cross-talks for the three propagation states are also calculated, which are −44.3 dB, −20.1 dB and −40.0 dB for the lead-in, the bending and the lead-out process, respectively. The dispersion for the propagation loss is mild in the C-band and can be neglected.
Performance Analyses and Discussions
Propagation Loss
Considering the electrode absorption loss (Section 4.2) and the propagation loss (Section 4.4) in the above simulations, the on-chip insertion loss for the proposed device with N × N unit cells can be estimated, with the scaling equation as follows,
in which T L ead−i n , T L ead−out , T B end , T A bs,S , TA bs,F and T sca denote the loss for the lead-in process, the lead-out process, the bending process, the absorption loss in the 1 × 2 switching element, the absorption loss in the NLC-core waveguide element and the scattering loss, respectively. The scattering loss T Sca is 2 dB/cm [41] - [44] in the C-band. It is noted that the scattering light can be largely absorbed by the electrodes, with mild effect on the cross-talk. The loss components are listed in Table 4 . Besides,
and L 1×2 stand for the length of propagation path in the lead-in process, the lead-out process, the bending process and the 1 × 2 switching element, respectively. It is estimated that Table 1 . Based on Eq. (1), the maximum on-chip insertion loss for different numbers of unit cells is estimated as plotted in Fig. 12 . It can be seen that the on-chip insertion loss increases linearly with the number of unit cells. For the sample design, the minimum and the maximum on-chip insertion loss for the 8 × 8 OXC is estimated to be 0.7 dB and 8.0 dB, with the difference of about 7.3 dB.
Some potential methods can be used to further reduce the on-chip insertion loss. The first method is to use a thicker NLC chamber at the cost of a longer switching time. Another method for the loss reduction is to increase the thickness of SiO x (or additional SiO 2 above the electrode) layer, which can suppress the absorption of the electrodes. However, the operating voltage should be raised to achieve stable NLC reorientation. A possible configuration is to use SiO x layer of 100 nm with an additional SiO 2 layer of 200 nm above the electrode in structure. The corresponding operating voltage is 6.5 V to maintain a similar propagation feld in the 1 × 2 switching element. It can be found that the absorption loss due to the electrode is thus reduced to about 0.25 dB/mm (with the effective RI as 1.675713 − i7.067217 × 10 −6 ) for T A bs,S . The maximum total insertion loss for this configuration is estimated to be about 5.5 dB for the 8 × 8 blocks according to Eq. (1).
It can also be seen that the dispersion is low for the propagation loss, with the maximum variation of about 0.2 dB across the C-band in the 8 × 8 OXC. The broadband property is due to non-resonant waveguide structures and the low dispersion in the selected materials.
Cross-Talk
Similarly, the cross-talk can also be estimated for the 8 × 8 block in the proposed device [4] . From the simulations above, the cross-talks in the unit cell are about −44.3 dB, −20.1 dB and −40.0 dB for the lead-in, the bending and the lead-out process, respectively. With the cross-talks in the unit cell, the signal-to-cross-talk ratio SXR [4] can be estimated as −X L ead−i n − 10log 10 (N − 1), and −X B end − X L ead−i n − 10log 10 (N − 1), in the worst case (I N to O 1 ) and the best case (I 1 to O N ), respectively. Here X is the cross-talk in each unit cell. For the 8 × 8 OXC, an average cross-talk is achieved down to −45.9 dB. The worst and the best cross-talks are estimated to be −35.8 dB and −55.9 dB, respectively.
Switching Speed
The NLC-OXC is also limited by the slow switching time (off-time), which is at the order of tens of milliseconds. When T L C = 4 μm, the switching time can be estimated as about 16 ms [45] . There are some possible methods to speed up the switching, as reported in the studies in the LCD technology. The overdriving scheme and the NLC material are the two common methods [46] . Recently, the 3-T electrode structure was proposed to shorten the switching off time to sub-millisecond [46] . With the similar electrode structure and the alignment remaining, it is possible to use additional electric field to drag the NLC molecule, and helps speed up the switching off process to about 1 ms.
Coupling Interface
Another important practical issue is the fiber-to-chip coupling. To achieve the polarization-dependent routing in the NLC-OXC, the coupled light wave to the access waveguide should be preprocessed to be the transverse-magnetic (TM) mode. The polarization-independent coupling is also preferred, since the polarization state is dynamically randomly-varying in the real optical communication systems. This issue is common in the silicon photonic and nano-photonic waveguides in photonic integrated circuit [47] , [48] . Using the current techniques [47] - [52] , several potential solutions can be found to address the polarization issue in NLC-OXC.
The polarization-independent grating coupler can be used as the fiber-to-chip interface. In the state of the art of grating couplers, the coupling efficiency exceeds 50%, and the available bandwidth covers the whole C-band, with typically length about a hundred μm [48] , [49] . The polarization diversity can be adopted [50] , in which two copies of the NLC-OXC are implemented for processing the transverse-electric (TE) and the TM mode, respectively.
In the end-coupling, it is also effective to use polarization maintaining fiber (PMF) at the interface with accurate pre-alignment packaging [51] . The polarization diversity method can be adopted using the integrated polarization converter [47] in front of the input port, or using the fiber-based beam polarization splitters/combiners [52] .
Fabrication Issue
As for the sample device, it can leverage on the LCD/LCoS fabrication technology [20] , [30] , and [34] , especially for the CMOS layer and topmost the electrode pads. As aforementioned, the alignment layer of SiO x is applied, for which the deposition method can be adopted [31] , [32] . It is thus free of rubbing process and compatible with CMOS fabrication technology. However, the patterning for NLC chamber layer makes the fabrication tougher than the conventional LCD/LCoS devices. For the polymer channel, the fabrication can be developed from the microfluidic/optofluidic devices [22] . The NLC-core waveguides have been experimentally demonstrated with the polymer cladding [21] , [23] , which also provides helpful experiences in the fabrication of the proposed device. The registration between the polymer channel and the corresponding electrode pad is expected to be controlled by the mature techniques in the standard lithography.
Conclusions
In conclusions, a planar OXC switch (NLC-OXC) is proposed using the EO waveguides in NLC. The NLC-OXC employs the cross-bar fabric and consists of an array of unit cells that are switched by NLC EO waveguides. The NLC-core waveguides surrounded by the polymer claddings further define and support beam routing paths for the lead-in/lead-out processes or the bending process. Different from the previous NLC waveguide devices, the NLC EO waveguides and the NLC-core waveguides are combined into the hybrid structures in the proposed device, which enables better integration and performance in the matrix of switching units. It has the layered structure similar to the LCoS, and can leverage the fabrication techniques of the LCD/LCoS.
With the revelation of the important physical properties in NLC waveguides, the device is designed, analyzed and simulated using the bottom-up method. The structure parameters are selected and determined by theoretical analyses and numerical simulations. The sample design presents an 8 × 8 NLC OXC with the NLC chamber thickness T L C = 4 μm. The NLC EO waveguide can be switched on by the 5 V-1 kHz sinusoidal-wave voltage. It exhibits a maximum on-chip insertion loss of around 8.0 dB, a switching time of 16 ms, a footprint of 2 mm × 2 mm, and a cross-talk of about −45.9 dB in total. Using a higher operating voltage of 6.5 V and a 300-nm SiO x insulator layer above the electrodes, the maximum on-chip insertion loss can be reduced to about 5.5 dB. With additional 3-T electrodes for turn-off driving, the shorter switching time of about 1 ms can be achieved. It can operate at broad bandwidth with the maximum insertion loss variation of around 0.2 dB across C-band.
The proposed NLC-OXC is expected to enjoy the advantages of both the LCoS and the planar waveguide in the aspects of compactness, robustness, power consumption and also optical loss. It is promising for robust optical circuit switching in small-scale data centers, or protection switching in optical communication networks.
